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REMARKS 

In the Office Action identified above, the Examiner rejected claims 14 and 15 
under 35 U.S.C. § 1 12, second paragraph; rejected claims 8, 14, 21 and 22 under 35 
U.S.C. § 102(e) as being anticipated by Tanaka et al. (U.S. Patent No. 6,774,462 B2, 
Tanaka"); rejected claims 9 and 16 under 35 U.S.C. § 103(a) over Tanaka in view of 
Examiner's Official Notice; and objected to claims 10, 11, 17, and 20 as being 
dependent upon a rejected base claim, but indicated that they would be allowable if 
rewritten in independent form including all of the limitations of the base claim and any 
intervening claims. 1 

Applicants gratefully acknowledge the Examiner's indication of allowable subject 
matter in claims 10, 1 1, 17, and 20, as well as claims 12-13, which depend from claim 
11, and claims 18-19, which depend from claim 17. 

In the present Amendment, Applicants have amended claims 8, 10-11, 14-15, 17, 
and 21 , and have added new claims 23 and 24 to protect additional aspects of the 
present invention. As a result, claims 1 , 8-24 are pending in the above-captioned 
application, of which claims 8-24 are presented for examination. 

New claims 23 and 24 recite a method of manufacturing a semiconductor device 
including, among other elements, "forming first and second stack films on the first 
dielectric film of the first and second regions respectively, each of the first and second 
stack films having a first electrode material layer, a second dielectric film having a 

1 The Office Action contains a number of statements reflecting characterizations of the related art and the 
claims. Regardless of whether any such statement is identified herein, Applicants decline to 
automatically subscribe to any statement of characterization in the Office Action. 
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thickness of 5 A or more and 100 A or less, and a second electrode material layer, an 
etching rate of the first and second electrode material layers of the first stack film being 
different from an etching rate of the first and second electrode material layers of the 
second stack film." Support for new claims 23 and 24 may be found in the specification, 
for example, at page 8, line 13, to page 9, line 30, and Figs. 5 and 9. 

Regarding the rejection of claims 14 and 15 under 35 U.S.C. § 1 12, second 
paragraph, the Examiner stated that these claims are "indefinite for failing to particularly 
point out and distinctly claim the subject matter which applicant regards as the 
invention." Office Action at page 2. In response, Applicants have amended claims 14 
and 15 to recite "the second dielectric film." Accordingly, Applicants request that the 
Examiner withdraw the rejection of claims 14 and 15 under 35 U.S.C. § 1 12, second 
paragraph. 

Applicants respectfully traverse the rejection of claims 8, 14, 21 and 22 under 35 
U.S.C. § 102(e) as being anticipated by Tanaka. In order to properly establish that 
Tanaka anticipates Applicants' claimed invention under 35 U.S.C. § 102, each and 
every element of each of the claims in issue must be found, either expressly described 
or under principles of inherency, in that single reference. Furthermore, "[t]he identical 
invention must be shown in as complete detail as is contained in the ... claim." See 
M.P.E.P. § 2131 , quoting Richardson v. Suzuki Motor Co., 868 F.2d 1 126, 1236, 9 
U.S.P.Q.2d 1913, 1920 (Fed. Cir. 1989). 

Claim 8, for example, is not anticipated by Tanaka because the reference fails to 
teach each and every element of the claim. In particular, Tanaka at least fails to 
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disclose "forming a second dielectric film having a thickness of 5 A or more and 100 A 
or less on the first electrode material layer," as recited in amended claim 8. 

The Examiner alleges that Tanaka teaches "formation of a second dielectric film 
105 on the first electrode 104, wherein the second dielectric has a thickness of 50 
Angstroms." Office Action at page 3. However, Tanaka discloses that element 105 in 
Figs. 1-5 is a tungsten nitride film. As generally understood, tungsten nitride is a 
conductive material with low resistance, not a dielectric. See Attached Article titled 
"Physical and Electrical Properties of Ta-N, Mo-N, and W-N Electrodes of Hf0 2 High-k 
Gate Dielectric" and http://www.reade.com/Products/Nitrides/tunqsten nitride.html . 
Tungsten nitride (WN) is another film used for conductive layers. Therefore tungsten 
nitride film 105 of Tanaka cannot constitute the "second dielectric film having a 
thickness of 5 A or more and 100 A or less on the first electrode material layer," as 
recited in claim 8. Thus, claim 8 is allowable over Tanaka, and claims 14, 21 and 22 
are also allowable at least due to their dependence from claim 8. 

Applicants respectfully traverse the Examiner's rejection of claims 9 and 16 

under 35 U.S.C. § 103(a) as being unpatentable over Tanaka in view of Examiner's 

Official Notice. A prima facie case of obviousness has not been established. 

To establish a prima facie case of obviousness, three basic criteria must 
be met. First, there must be some suggestion or motivation, either in the 
references themselves or in the knowledge generally available to one of ordinary 
skill in the art, to modify the reference or to combine reference teachings. 
Second, there must be a reasonable expectation of success. Finally, the prior art 
reference (or references when combined) must teach or suggest all the claim 
limitations. The teaching or suggestion to make the claimed combination and the 
reasonable expectation of success must both be found in the prior art, and not 
based on applicant's disclosure. In re Vaeck, 947 F.2d 488, 20 USPQ2d 1438 
(Fed. Cir. 1991). M.P.E.P. § 2142, 8th Ed., Rev. 4 (October 2005), p. 2100-134. 
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Claims 9 and 16 depend from claim 8 and thus require each and every element 
recited in claim 8. A prima facie case of obviousness has not been established 
because, among other things, Tanaka and Examiner's Official Notice, taken alone or in 
combination, fail to teach or suggest each and every element recited in claim 8 and 
required by dependent claims 9 and 16. As discussed above in regard to the 
Examiner's 35 U.S.C. § 102(e) rejection of claim 8, Tanaka fails to teach or suggest the 
claimed "forming a second dielectric film having a thickness of 5 A or more and 100 A or 
less on the first electrode material layer." The Examiner's Official Notice, even if 
properly taken, fails to overcome the deficiencies of Tanaka. Claims 9 and 16 are 
therefore allowable over the combination of Tanaka and Examiner's Official Notice at 
least due to their dependence from claim 8. 

New claim 23, while of different scope, recites features similar to those recited in 
claim 8. For example, claim 23 recites "a second dielectric film..." Accordingly, claim 
23 is allowable at least for reasons discussed above in regard to claim 8, and claim 24 
is allowable at least due to its dependence from claim 23. 

In view of the foregoing amendments and remarks, Applicants respectfully 
request reconsideration and reexamination of this application and the timely allowance 
of the pending claims. 

Please grant any extensions of time required to enter this response and charge 
any additional required fees to our deposit account 06-0916. 
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Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: May 10, 2006 By:. 





Selah C. Park 
Reg. No. 57,127 



Attachments: 1 ) Article titled "Physical and Electrical Properties of Ta-N, Mo-N, 
and W-N Electrodes of Hf0 2 High-k Gate Dielectric"; and 
2) httD://www.reade.com/Products/Nitrides/tunqsten nitride.html . 
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Physical and electrical properties of Ta-N, Mo-N, and W-N electrodes 
on Hf 0 2 high-/c gate dielectric 

Jiang Lu. Yue Kuo,*> Somenalh Chatter|ea, and Jun-Yen Tewg 

Thin Film None A McroeUclronics R^arch L*er*t6ry. TacaiA&M Vanity, CclUge Sid**. 
7>jcoj 77843-3)22 

(Rccdved 19 May 2005; accepted 12 December 2005; published 26 January 2006) 
The influence of various types of metal nitride gate electrodes, i.e.. Unialum nitride, molybdenum 
nitride, and tungsten nitride, on electrical eharacteiut.es of metal -oride-semiconductor «£««>rs 
with hafnium oxide as the gate dielectric material has been studied. The result shows that both the 
physical and electrical properties of the high-* gate suck are influenced by the gate electrode 
materials and the post-metal-annealing temperature. Both the physical thickness and equivalent 
oxide thickness of the gate stack increased after the high •temperature K s annealing step. Ihe 
leakage current density decreased with (he increase of the annealing temperature from 
600 io 800 °C The work functions of these mecsl nitride electrodes decreased with the annealing . 
temperature due to the variance of microstruciure and chemical composition, as indicated by x-ray 
diffraction and second-ion-mass spectroscopy data. These metal nitride electrodes are suitable for 
n.cbannel metal-oxide-semiconductor device applications after S00 ♦ C N 2 annealing because their 
work functions are between 4.05 and 4.25 cV. The interface state density and oxide trap density of 
the nigh-Jfc gate stack were also reduced by the high -temperature N 2 annealing step. © 2006 
American Vbcuum Society [DOI: 10.111 6/1.2163SS3] 



|. INTRODUCTION 

As the gate oxide thickness scaled down below to 1.5 nm, 
the thermally grown SiO^ could not serve as the gate dielec- 
tric material for complementary metal-oxide-semiconductor 
(CMOS) devices because of many issues, such as exces- 
sively Urge gate leakage current, dopant penetration from 
polycrystallinc silicon (poly-Si) gale electrode, and reliabil- 
ity concerns. u Alternative high dielectric cooslant materials 
are necessary to replace thermally grown SiOj in the sub- 
0.1. /im technology node in order to reduce the leakage cur- 
rent and to improve the reliability because a thicker gate 
dielectric layer can be used. Many metal oxides, such as 
Ta 2 0 J( HfOj, Zr0 2 , Y,0 )t and Al.O, are considered as 
promising candidates. Unlike thermal-grown SiO* gate di- 
electric, mostbigb-fc gate dielectric materials are not compat- 
ible with the poly-Si gate electrode, i.e., forming an interface 
layer at the poiy-Si/higb-* contact region. The poly-Si 
gate also has many other disadvantages such as poly-Si gate 
depletion and high resistance. 6 "* Metal electrodes have been 
studied as replacements for poly-Si gate to solve these prob- 
lems. For example, metal gate electrodes do not have the 
problems of poly-Si gate depletion and dopant diffusion. 
The metal gate electrode also has a much lower electrical 
resistivity. 

There are many requirements for the metal gate electrode, 
including low electrical resistivity, high thermal stability, low 
reactivity, adequate work functions for p-cbannel or 
n-cbanncl devices, and easiness to deposit and process. 
Refractory meals such as Ta, W. and Mo are promising gate 
electrode material;;. However, pure metals may have rela- 
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lively poor thermal stability and high chemical reactivity at 
elevated temperature*. 1 * 13 Metal nitrides, such as tantalum 
nitride (Ta-N), molybdenum nitride (Mo-N). and Mngsteg 
nitride (W-N), a rc good diffusion barriers with low resis - 
tance and hiiK "thermal stability. 10 " 10 Moreover, the work 
functions of the metal nitrides may be adjusted with the ni- 
trogen contents. 17 " 19 Therefore, metal nitrides arc potentially 
important gale electrode materials for high-* gate dielectrics 
in future metal-oxide-semiconductor field-effect transistor 
(MOS FED devices. 

Metal nitride films may be deposited by many methods, 
such as metal-organic chemical-vapor deposition (MOCVD), 
atomic layer deposition (ALD). and pbysical-vapor deposi- 
tion (PVD). In this study, metal nitrides were deposited by 
reactive sputtering because it is a simple process and can be 
done at a low temperature. Ta-N. Mo-N. and W-N elec- 
trodes, were ovaluatcd as the gate electrodes for the hafnium 
oxide (HfOj) gate dielectric, which is a promising high-* 
gate dielectric material. Hie physical and electrical proper- 
ties of these metal nitride 61ms were characterized using the 
MOS capacitor structure, which contained an ultratbin 
(2.5 nm) HfO* film deposited by ALD. Influences of various 
electrode materials and process conditions were investigated. 

II. EXPERIMENTAL PROCEDURES 

The MOS capacitors studied in this work were fabricated 
using a HF-cleaned p-rype (100) Si substrate (doping level 
-10" cm" 5 ). The metal nitride film was sputter deposited on 
an ALD HfOj (2.5 nm thick) in two steps: (1) a thin 
nitrogen-rich fllm was deposited by sputtering the metal tar- 
gets in a mixture of 50% N 2 /50% Ar for 30 s. and (2) a 
second nitride film was deposited by sputtering the metal 
target in a mixture of N 2 >Ar for 90 mln. Too optimum 
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N^/Ar Aow ratio varied with the type of metal nitride* Por 
example, for Ta-N, Mo-N, and W-N electrodes, the N 2 /Ar 
ratios were 5%/953>, 109W90%, and 2.5% /97 .5%. respec- 
tively. The Nj/ Ai gas flow ratios thai coiTespond to the low* 
est metal nitride resistivities were selected. The sputtering 
pressure was fixed at 5 mTorr. The round-shaped metal ni- 
tride gate (with a gate area of 3 X 10" 4 cm 3 ) was deposited 
through a shadow masic. The gate electrodes were processed 
through a high -temperature annealing step in a N x ambient, 
at 10 Ton*, for 10 s at 600 or 800 "C in a separate heating 
chamber attached to the load-lock chamber of the sputtering 
system. The backside Si0 2 was stripped with a dilute HP 
solution after the front of the wafer was covered with a posi- 
tive photoresist layer. A 300- nm -thick aluminum (Al) film 
was tben dc sputter deposited on backside Si to form the 
Ohmic contact. Then, the photoresist layer was stripped off 
with a photoresist stripper. Lastly, all the MOS capacitors 
were annealed in a forming gas ambient (10% H 2 /90% NJ 
at 300 *C for 30 min in a tube furnace. In the later discus- 
sions, the as-deposited samples are referred to the samples 
without the high-temperature N 2 annealing step but with the 
backside 300 *C Al forming g*» annealing step. For the 
metal nitride work-function evaluation, MOS capacitors with 
various HfOj thicknesses were prepared and characterized. 

The resistivities of the metal nitride films were measured 
with a four-point probe (Keithley DMM 196). The gate 
electrode/high-^ interface layer structures w«re characterized 
with an energy dispersive x-ray spectroscopy (EDXS), 
elcctron-energy-loss spectroscopy (EELS), high -resolution 
transmission electron microscopy (HRTEM), lime-of-fligbt 
sccondary-ion-mass spectroscopy (TOF-SIMS), and x-ray 
diffraction (XRD). The electrical properties, such as equiva- 
lent oxide thickness (EOT), flatband voltage (V rt ), interface 
state density (D lv ), and leakage current density (/) were esti- 
mated from the capacitance- voltage (C-V) and currcnt- 
voltage.(/- V) data, which were measured with an Agilent HP 
4284A Precision LCR Meter and an Agilent HP 4155C Pa- 
rameter Analyzer, respectively. The work function (<DJ of a 
metal nitride gate electrode was exttacted from the V re vs 
EOT curve. 
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III. RESULTS AND DISCUSSIONS 

A. Physical properties 

7. Microstructures of gate electrodes 

The microstructuies of three metal nitride gates were 
studied by XRD. Figure 1(a) shows the XRD patterns of the 
as-deposited, 600 and 800 °C N, annealed Ta-N films. 
Prominent cubic (C) TaN (111) and (200) peaks were ob- 
served in all three samples. No metallic Ta crystal peases 
were observed in any of these films, suggesting that the films 
were fully nitridized. The figures also show that the crystal- 
Unity of the Ta-N film improved with the increase of the 
annealing temperature. The C (200) peak became sharp and 
narrow after both 600 and 800 °C N x anoealings. The in- 
crease of the TaN C (200) peak height in Fig. 1(a) implies an 
increase of crystallization with the increase of the annealing 



temperature. Separately, the SIMS result in Fig. 2 shows that 
the nitrogen concentration in the bulk Ta-N film increases 
with the N 2 annealing temperature. The nitrogen content Is 
an important factor for the XRD peak shape. For example, it 
was reported that the XRD pattern of the as-deposited Ta-N 
films varied with the nitrogen partial pressure of Che sputter- 
ing gas. The TaN C (200) peak height increased first with the 
increase of nitrogen concentration, and then decreased with 
the further increase of (he nitrogen concentration. 11 

Figure 1(b) shows that the as-deposited Mo-N sample had 
a hexagonal MojN s crystal structure. After high -temperature 
Nj annealing, it transformed to a cubic Mc^N crystal struc- 
ture. This structure was stable up to 800 *C N } annealing. 
Similarly, metallic Mo crystal phases were not observed in 
either as-deposited or annealed films. The change of the 
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Mo/N ratio with the annealing temperature has been con- 
firmed with SIMS analysis, as shown in Fig. 2(b). For Iho 
film after 800 *C Nj. annealing, further changes of crystal 
size or nitrogen concentration in the Mo-N films may occur, 
which leads to a sharp Mo 2 N C (1 U) peak and a small Mo^N 
C (2O0) peak. It was reported that the formation of either a 
two-phase structure (Mo*N and Mo) or a single-phase struc- 
ture (MojN) was determined by the initial nitrogen concen- 
tration in the as-deposited MoN, film. 22 '" The film's micro- 
structute was insensitive to the process condition once the 
Mo>N phase was formed. In this study, only the single-phase 
structure Mo 2 N was detected after high-temperature N 2 an- 
nealing because the initial nitrogen concentration was high in 
the as-deposilcd film, A stable single-phase Mo^N crystal 
structure was formed when the N a annealing temperature 
was as high as 800 °C 

Figure 1(c) shows that the as-deposited W-N film had a 
cubic WjH crystal structure, which suggests that the as- 



deposited film was fully nUridi2ed. The intensity of W 2 N.C 
(1 11) and C (200) peak heights increased with the N^tnaeil- 
ing temperature. After 800 °C N a annealing, * small cubic W 
(110) pea): appeared, which implies <he formation of a me- 
tallic W phase. It was reported that the WN phase was not 
stable and a prominent W C (110) peak was detected after 
1025 *C N a annealing, 54 The formation of a metallic W 
phase may be attributed to the dissociation of W-N or the 
crystallization of amorphous WN, component in the film. 
For example, the amorphous metal-rich WN* (*<*0.5) film 
tends to crystalline into W and W^N phases at a relatively 
low temperature (-450 *C). W Since the ^/(Ar+NJ ratio 
in the sputtering gas steam was very low (-2.5%), the as- 
deposited W-N gate should be metAl-rich, and therefore, the 
formation of a metallic W phase after high temperature an- 
nealing is expected. Although the N-rich WN, (X > 1) ftlm is 
more stable and crystallizes at a higher temperature than the 
N-deficient WN, film," the film has a much higher resisuV 
ity and, therefore, is less desirable for gate electrode appli- 
cations. It should be noted that the whole W-N system is 
complicated and a major effort is required to clear out all 
questions. 36 Since this topic is beyond the scope of this 
manuscript, authors could only identity the crystal structures 
before and after annealing from the XRD data shown in 
Fig. 1(c). 

2. Nitrogen distributions In the bulk film 
and at the high-k interface 

Both the nitrogen concentrations in the hulk metal nitride 
film and those across the nitride/HfC^ interface *re important 
parameters affecting electrical properties of the gate elec- 
trode as well as the MOS capacitor. Figure 2(a) shows the 
TOF-SIMS depth profile of Ta-N ion clusters in the as- 
deposited film and after 600 and 800 *C N^anncalcd films. 
The as-deposited film shows N piled up at the Hf0 2 inter- 
face, which is due to the two-step deposition process. After 
600 °C Ni annealing, the nitrogen concentration in the bulk 
layer increased slightly, but the interface nitrogen concentra- 
tion decreased The decrease of the nitrogen concentration at 
the interface indicated that the original nitrogen atoma accu- 
mulated at the HfOj interface were weakly bonded, which 
could be removed by annealing at a moderate temperature. 
After 800 9 C N, annealing, the nitrogen concentration fur- 
ther increased slightly in the bulk Ta-N film, but a large 
increase of nitrogen concentration occurred near the metal 
nitridc/HfOi interface. This increase of nitrogen concentra- 
tion may be attributed to the formation of N-rkb Ta-N 
phase, e.g., Ta>N 5 , which was observed previously. This 
N-ricb Ta-N phase has a high resistivity and may lead to 
serious interaction between the Ta-N gate electrode and the 
underlying high-A layer, which will be discussed in later 
sections. 

Figure 2(b) shows that the nitrogen concentration in the 
Mo-N film decreased after the bigh-temperature N 2 anneal- 
ing step. The further decrease of nitrogen contents in the 
Mo-N gate electrodes after 800 °C annealing step compared 
to 600 °C annealing step implied that thcro could be some 
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extra Ditrogen in (be crystalline Mo^N matrix, and the extra 
nitrogen could be lost during nigh-temperature annealing 
step. Figure 2(c) showing similar decreases of nitrogen con- 
centrations were also observed in the W-N films. Sthaeffer 
tt ai also reported a similar reduction of the nitrogen level 
with increased annealing temperature based on Ihe SIMS 
analysis. 14 For example, about a 20% nitrogen lose was ob- 
served after 800 and 900 °C annealing conditions; approxi- 
matcly 60% nitrogen loss was observed after 1025 *C 
annealing. 

In this work. TOF-SIMS data mainly provided nitrogen 
composition profiles of both the bulk metal nitride film 
(200-400 run) and ihe nitride/HfO a interface. X-ray diffrac- 
tion provides the structure information of the bulk metal ni- 
tride film in the crystalline phase. Tho stoichiomctry of the 
bulk metal nitride film in the crystalline phase can also be 
obtained by XRD analysis. Authors investigated the chemi- 
cal composition change in the bulk niuide gale due to Ihe N 2 
thermal annealing process using the SIMS analysis. In addi- 
tion the stoichiomctry change of the bulk nitride gate was 
studied using the XRD analysis. The SIMS result shows that 
the nitrogen concentration decreases in the bulk Mo-N and 
W-N gates after the N* annealing step, and the XRD result 
shews that the stoiebiometry of the bulk Mo-N and W-N 
gates in the crystalline phase becomes nitrogen -deficient af- 
ter the N a annealing step. 



X Metal nitride and Hf0 7 interaction 

One major problem of poly-Si gates is the reaction with 
the high-* layer to form an interface layer. The interaction 
between ihe metal nitride gate and high-* gate dielectric 
layer was investigated by TEM and EELS/EDXS. Figure 
3(a) shows that the thickness of the as-deposited bulk high-* 
dielectric layer is around 2.2-2.5 nm. After 800 *C N, an- 
nealing, the thicknesses of the bulk high-* dielectric layer 
drastically increased to 3.0-3.2 nm when Ta-N was used as 
the gate electrode, as shown in Rg. 3(b). This increase of the 
high-* dielectric layer thickness could be related to the in- 
crease of the nitrogen concentration, as shown in the TOP- 
SIMS profile of Fig. 2(a). However, the thicknesses of the 
bulk high-* dielectric layer only increased to 2.5-2.7 nm 
when Mo-N and W-N were used as the gate electrodes, as 
shown in Hgs. 3(c) and 3(d). 

Figure 4(a) shows the EELS profiles of O, N, and Si 
across the Ta-N/HrOj dielectric interface region. There is 
an apparent overlap between the O and N element profiles at 
the top interface region. Figure 4(b) shows EDXS profiles of 
the same sample, which also confirms the overlap of the Hf 
and Ta clement profiles. The element profiles in Figs. 4(a) 
and 4(b) suggest that a top interface layer containing Ts, Hf, 
O, and N atoms was formed at the Ta-N/HfOj contact area 
after 800 °C Ni annealing. Since this interface layer contains 
metal atoms, Le., Hf and Ta, with similar sizes and atomic 
weights, it is difficult to dif ferentlate this interface layer from 
the bulk HfO, film in the HRTEM image. Therefore, the 
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thick high-* gate dielectric layer as shown in the HKITEM 
image may be contributed by both the top interface layer and 
the remaining bulk HfO^ layer. 

Although similar overlaps between the O and N element 
profiles were detected by EBtS on Mo-N/HKVSi and 
W-N/Hf<VSi gate stack structures, the details were differ- 
ent. Fox example, overlap between tho O and N clement pro- 
files in the Ta-N gate electrode sample was much more se- 
rious and apparent than that in the Mo-N or W-N gate 
electrode sample. The 0 shoulder stretched wider toward the 
metal gate area in the sample with Ta-N gate electrode but 
relatively less in samples with Mo-N or W-N gate electrode. 
HRTEM results also showed no dramatic increase of the bulk 
high-* gate dielectric thickness in these two stack structures. 
Therefore, no serious interaction occurred ai the 
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Mo-N/HfO a or W-N/Hf0 3 interface after 600 *C N, an- 
nealing step. In this study, among the three metal nitride gate 
electrode*. Ta-N U least stable because it reacted with N 2 
and HfOj at a high N a annealing temperature. Other re- 
searchers also reported similar results, e.g., there was some 
inierdiffusion between Hf and Ti atoms after 1025 but 
no Hf and W in terd if fusion was reported at the same 
temperature. 24 These results may be contributed by the simi- 
larities between Ta and Hf atoms in terms of the weight, 
electronegativity, and radii. 18 
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4. Metal nitride gate influence on the bottom Hf0 2 
and SI Interface layer 

An approximately 0.6-nm-thick bottom interface layer 
was formed at H«V$i Interface for the as-deposited 
Mo-N/2.5 run HfCy Si stack, as shown in Fig. 3(a). An 
increase of the bottom interface layer thickness was observed 
for all three metal nitride g3te/Hf0 3 /$i sucks after 800 °C 
Nj annealing, as shown in Figs. 3(b)-3(d). The bottom inter- 
face hy*$ thicknesses could also be estimated from the in- 
flection point of the high-angle annular dark-field imaging 
(HAADP)-scanning transmission electron microscopy 
(STEM) image intensity profiles (not shown here). 1 * 30 Fig- 
ure 5 is a summary of the bottom interface thickness mea- 
sured from TEM and HAADF-STEM of all three metal gate 
samples after 800 *C N 2 annealing step. The bottom inter- 
face layer thicknesses estimated by the two methods show 
similar trends about the effect of 800 °C Nj annealing step 
on the bottom interface layer thickness. For example, after 
800 °C N 2 annealing, the bottom interface layer thickness 
increases substantially for all three gate stack structures. Dif- 
ferent gate electrodes affect the bottom interface layer thick- 
ness differently. Other researchers also reported thai the gate 
electrode materials have some impact on the formation of the 
bottom interface layer. 101 This may be attributed to the dif- 
ference in the oxygen-block capabilities of various gate elec- 
trode materials at high temperature. 3 1 However, sinco the 
postmetal annealing steps were performed in either an 
uttrahigh-purity, e.g., 99.999*. N 2 or N 2 /Hj forming gas 
ambient and there was almost no oxygen, e.p>, <1 ppro, 
present in the annealing ambient, the introduction of oxygen 
from the environment during the annealing steps can be nc- 
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glected. There must be some other reasons for the increase ol 
the bottom interface layer thickness. Figure 6 shows that the 
oxygen impurity concentration in the as*deposited Mo-N 
gauT electrode was the highest among all three gate elec- 
trodes, which is consistent with its thickest bottom interface 
layer aftor 800 *C N 2 annealing. The lowest oxygen concen- 
tration was delected in the aa-deposited W-N gate electrode, 
which had the thinnest bottom interface layer after 800 *C 
Nj annealing. Based on this observation, a possible contri- 
bution factor foT the increase of the bottom interface layer 
thickness is the existing oxygen in the as-depocited film, 
which may diffuse at high annealing temperatures. However, 
this mechanism needs further studies. The high oxygen con- 
centration in the Mo-N film may come from the target. A, 
more detailed analysis of the target Is required to verify the 
above assumption. Results in this section suggest that any 
possible oxygen source in the process should be eliminated 
in order to reduce the bottom interface layer thickness. 



and W-N eleetrodae 




TaN m MoH 



FfO, 7. EOT vtfiuue wtto N* anncalin* tt«»on«i» far *axnpie« wtih differ- 
cm | me electrode*. 



of resistivity.'* Tne sharp increase of resistivity after a high- 
temperature annealing can be attributed to the formation of 
an N-rich Ta-N phase, such as Ta 3 N 5 . M2t In this study. 
SIMS analyses Indicated an increase of nitrogen content in 
the TaN gate electrode after 800 *C N* annealing as shown 
in Fig. 2(a), but no crystalline N-rich Ta-N structure was 
observed in the XRD paiteroi. The N-rich Ta-N phase may 
soil be in amorphous phase. Tantalum nitride has many poly- 
morphs and their properties vary depending on the nitrogen 
contents." 

Tne Mo-N and W-N gate electrodes show a relatively 
stable resistivity up to 800 °C N* annealing. A slight de- 
crease of resistivity was observed for both gate electrode 
materials. This observation U consistent with the alight nitro- 
gen loss after high-temperature N z annealing as shown in the 
SIMS profiles. The decrease of resistivity may also be attrib- 
uted to the grain growth of the Mo-N and W-N gate elec- 
trodes after the high- temperature Nj annealing, as shown in 
Pigs. 1(b) and 1(c). 



B. Electrical properties 
1. Resistivity 

Table I shows the resistivity of three metal nitride gate 
elecuodes with different N* annealing temperatures. For as- 
deposited films, low resistivity (-50-70 ^Sl cm) was 
achieved for all three gate electrode materials. However, the 
Ta-N gate electrode shows a sharp increase of resistivity 
after 800 *C N 2 annealing. It was reported that the as- 
deposited TaN, Alms with relatively high nitrogen concen- 
tration would have relatively low thermal stability in terms 



Table L Reiiuiviiy of metal gate electrodes on WO* filmi with different 
high- temperature K x afcnft*ling conditions. All the sample* were alio *»- 
nealed in Cormiog $*> at 300 • C for 30 mio after &c backside Al depo* Won. 
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Z Equivalent oxide thickness 

Figure 7 shows the equivalent oxide thicknesses (EOTs) 
of Ta-N. Mo-N. and W-N gate electrodcs/2.5 nm HfO* 
MOS capacitors at different annealing temperatures. Low 
EOTs (0.9-1.1 nm) were achieved for the as*deposited 
samples. The EOT increased unanimously with the N a an- 
nealing temperature. The EOT increase can be attributed to 
the increase of the bottom interface layer thickness as shown 
in previous TEM results. The largest EOT (-3.0 nm) was 
observed for samples with the Ta-N gate electrode after 
S00 *C Nj annealing. This can be explained by the forma- 
tion of a thick lop interface as a result of serious interaction 
between the Ta-N electrode and the Hf0 2 film. The sample 
with the Mo-N gate electrode also shows a large EOT 
(-2.4 nm) after 800 °C annealing, which can be ex- 
plained by the dramatic increase of the bottom interface layer 
thickness as shown in the TEM figure. Samples with the 
W-N gate electrode display a relatively small variation of 
EOT after high-temperature N 2 annealing, which is consis- 
tent with the TEM result shown in Fig. 3. 
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3. Leakage current density 

Figure S chows the leakage current density {J) versus gate 
voltage (V) curves of capacitors with different metal nitride 
gates after (a) 600 *C and (b) 800 °C N 2 annealings. The 
o00 *C Nj annealing samples show lower leakage current 
densities lhan 600 °C N 2 annealing samples. The decrease of 
the leakage current densities can be explained by the increase 
of EOT. The EOT value is contributed by both the bulk high- 
Jc and the interface layers. In addition to tho film thickness, 
material properties of each layer, such as the composition 
and density, also affect the leakage current mechanism. 
Samples with (be Ta-N gate electrode always show the low. 
est leakage current densities among the three types of 
samples. Tbis is consistent with its large EOT value. How* 
ever, for the 800 *C N r annealed sample with the Ta-N gate 
electrode, the leakage current is three orders of magnitude 
lower than that of the 600 °C Nj-anncalcd sample. The de- 
crease of the leakage current density cannot be solely ex- 
plained by the alight increase of EOT, Le„ 0,8 nm. The low 
leakage current could also be contributed by material prop- 
erty changes of the bulk bigh-fc and Interface layers. Por 
example, Figures 4(a) and 4(b) showed a serious interaction 
between Ta~N and HfOj, which resulted in the formation of 
a top interface layer containing la, Hf, O, and N atoms. It 



was reported that the formation of an oxynitride interface 
layer would reduce the leakage current density of the high-* 
gate stack structure. ^ 

The leakage current of the 800 «C N r annealed sample 
with the W-NT gate electrode is about two orders of magni- 
tude higher than that of the sample with the same N 2 anneal- 
ing temperature but with Mo-N gate electrode. However, the 
EOT of the former is only 0.6 nm lower than that of the 
latter. Therefore, other factors might contribute to the un- 
usual high leakage current. One possible reason is the foama- 
tion of a mettlbe W phase in the W-N film, as shown in the 
Fig. 1(c). It was reported that, for the same bigb-fc gate di- 
electric films, a WN, gate electrode showed a lower leakage 
current density lhan the W gate electrode WN, is supe- 
rior to W as a gate electrode because the nidogen from WN, 
can be incorporated into the high-* film. The metallic W in 
the W-N electrode may change the metal gate/high-* top 
interface properties or even penetrate the high-* film to cre- 
ate a leaky path, which results in a high leakage current 
density. 

4. Gate electrode work functions 

The work functions (G> m ) of the metal nitride gale elec- 
trode was extracted from the plots' of flatband voltage (V ra ) 
versus EOT. w,M In this study, a simple linear relation be- 
tween V ra and EOT was assumed, 

where is the effective oxide charge at the oxide inter- 
race, e s;0a » to c permittivity of SiO z (3.45 x 10~° F/cm). 
and is the difference between the electrode work func- 
tion (<t>J and Si substrate (p type ~l0 n cm"' doping level) 
work function (<P,f ~ 5.09 eV). The plus and minus (i) sign 
represents the positive and negative fixed charges, respec- 
uvely. The g«rr and the can be extracted from the slope 
and intercept* of the V ra vs EOT plot, respectively. The lin- 
ear relationship in Eq. (1) is only a simple model tradition- 
ally used to extract the work function assuming that the 
stacked high * is a homogeneous layer. However, since the 
high-* stack is composed of two distinct layers, for more 
accurate characterization of the work function and charse 
densities, a large array of samples, such as different SiO x 
interface layer and bulk high-* thicknesses, needs to be 
prepared. 1 * Currently, authors are working on these samples. 
The result will be published in a separate paper. 

According to calculations of Eq. (I), the fa of Ta-N. 
Mo-N. and W-N after 600 *C N, annealing are about 5.0, 
4.5> and 4.29 eV, respectively. For films after 800 ° C N z 
annealing, the tf w of Ta-N, Mo-N. and W-N decreased to 
4.23, 4.16, and 4.06 eV\ respectively. The work functions of 
all three gate electrode materials are suitable for n-type 
metai-oxid^-serniconductor (NMOS) application after 
800 *C N 2 annealing." 4 For the Ta-N gate electrode, a dras- 
tic change of work function after 800 *C Nj annealing was 
observed, which is due to its poor thermal stability and seri- 
ous interaction with the HfOv The TEM, EELS, and SIMS 
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results confirm the serious interaction at the Ta-N and Hf0 2 
interface after 300 °C N 2 annealing. The small variation of 
the work function* of Mo-N and W-N gate clccux>dea be- 
tween 600 and 800 *C N 3 annealing conditions can bo ex* 
plained by the minor changes of nucrostruccures and chemi- 
cal compositions as shown in XRD and SIMS results. TV 
change Of work function after thermal treatmtnt had been 
observed by many other researcher*, 14 * 40 Crystallization, 
structure, and chemical composition can affect the work 
function of the metal gate electrodes above the HfO a 
films. 2 * 40 In this study, the change of work function can be 
related to the changes of the physical properties of metal 
niuide gate electrodes after high-temperature treatment. 

5. Interface state density 

Figure 9 shows the change of interface state density (DJ 
of 2.5 nm HfOj Alms with different N 2 annealing tempera- 
tures. The O u in this work was extracted at the midgap by the 
tingle frequency approximation method (Hill's method) from 
1 MHz/ 1 00 kHz frequency C-V measurement. 41 Por the 
samples with Ta-N and Mc-N gale electrodes, the D„ de- 
creased with the increase of the N a annealing temperature. 
This suggested that the high -temperature N 2 annealing step 
can be effective in annealing out the damage caused by the 
PVD gate deposition process 4M * 

However, sample: with W-N gate electrodes show a dif- 
ferent trend on the change of D it after 800 *C N 2 annealing. 
The 800 °C N r annealed sample has a slightly higher D„ 
than the 600 °C N 2 -annealed sample. This phenomenon has 
been observed on Ta 2 O s high-* films and the W/WN gate 
electrode. 41 The exact reason for the increase of Z) u after 
high-temperature annealing l* unknown. In this study, 
ihe increase of D i( for W-N gate may be attributed to the 
formation of the metallic W phase in the W-N gate elec- 
trodes after 800 *C N 2 annealing, which was close to the 
bottom higb-*/5i interface and degraded the interface 
quality. 

It should be noticed that the D u value is also influenced by 
(be mecal gate electrode material. For example, samples with 
a Ta-N gate show a lower D u value than those with the other 
two gate electrode materials regardless of the N 2 annealing 
temperature. Ihe gate electrode material and metal gate 



deposition conditions were reported to affect die interface 
state density of MOS with Si0 2 and higb-fc gale 
dielectrics."* 42 ^ There are several possible explanations. 
For example, some deposition processes may cause more 
damages to the thin gate dielectric film than other processes, 
e.g., high ion bombard energy or strong short-wavelength 
light radiation during sputtering. In addition, different gate 
electrodes may have different stresses, which could affect the 
interface state density." 14 Another reason may be associated 
with the different barrier properties of metal gate electrodes 
related to the diffusion of hydrogen atoms during the post 
metal forming gas annealing step. More detailed studies on 
the gate electrode effects on the interface state density are 
under progress. 

S. Oxide trap charge density 

Figure 10 shows the bulk oxide trap charge density (fi ol ) 
of 2.5 nm Hf0 2 films with different metal nitride gate elec- 
trode materials. The Q* was extracted from the hysteresis of 
the C-K curves using the following equation: 



where the A V ro is the flalband voltage shift after a forward- 
and-rcverse voltage sweep from -3 to +3 V, q is the elec- 
tronic charge, and C« x is the accumulation capacitance per 
unit ares. Figure 10 shows that In all cases the Q tt value 
decreases after the high-temperature N 2 annealing step. 
High-temperature annealing can effectively reduce defects in 
the bigh-x film caused by the sputter deposition process of 
the gate electrode. In addition, after N 2 annealing, the overall 
high-* stack physical thickness increased. Under the same 
sweep voltage condition, the effective electrical field and the 
amount of the injected charges decreased accordingly, which 
may also lead to a lower Q*i For samples with W-N and 
Mo-N gate electrodes, a lower Q oi was achieved by increas- 
ing the N 2 annealing temperature, e.g., from 600 to 800 *C. 
The lowest 0„* was obtained for the sample with a W-N gate 
electrode after 800 *C N 2 annealing. However, a slight in- 
crease of fi ol was observed for the sample with the Ta-N 
gate electrode after 800 *C N a annealing compared to the 
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sample after 600 *C N 2 annealing. This can be explained by 
the serious interaction between the TaN and HfOj film after 
800 *C N 2 annealing. EELS result in Figs. 4(a) and 4(b) 
showed that a top interface layer containing IV Hf. O, and N 
atoms was formed at the Ta-N/Hf0 2 contact region, which 
increased the oxide trap density of the high-* gate stack 
structure/ 5 "* 

IV. CONCLUSIONS 

Ta-N. Mo-N, and W-N were investigated as gate elec- 
trodes for a 2.5-nm-lhick HCO^ high-* dielectric material. 
Their physical and electrical properties were affected by the 
high-temperature Nj annealing treatment conditions. Serious 
interaction was observed at the Ta-N/Hf0 2 interface after 
800 °C Ni annealing, and a top interface layer containing . 
Ta, Hf, O, and N atoms was formed, which lead to an in- 
crease of EOT and bulk charge trap density. No significant 
interaction occurred at the W-N/HfOj or Mo-N/HfO a in- 
terface. Tht metallic W was formed after 800 *C N 2 anneal- 
ing, whUh lead to a high leakage current density. The gate 
electrode material also affected the bottom interface's elec- 
trical properties. A thick bottom interface layer was formed 
at the HfO a /Si interface for the sample with a Mo-N gate 
electrode, which lead to a high EOT after a high-temperature 
N 2 annealing. Work functions of these three gate electrodes 
are suitable for NMOS applications after 800 f C N 2 anneal- 
ing. In summary, metal nitrides can be used as the gate elec- 
trode material* for the Hf0 2 high-* film. However, when 
interpreting electrical properties, the deposition and after- 
deposition process conditions have to be specified carefully. 
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Manufacturer, custom toll processor & global distributor of higher tech specialty chemical raw materials (powders, foils, and 

wires). Fax: +1-401-433-7000 
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Contact Us 




Reade Advanced Materials Offers: 



Tungsten Nitride Targets / 

Powder 



• Desi g nations : 

Chemical Name: Tungsten nitride 
Chemical Formula: WN and WN 2 

• General Description : 

Grey cubic crystals. 

• Ty pical Chemical Purities Available : 

TBA 

• Ty pical Granulations Available : 

Targets, granules, and powder 

• Ty pical Physical Constants : 



Molecular Weight (g/mol.) 


381.69 


Density (g/cm 3 ) 


17.8 


Specific Gravity 


Specific Heat @25°C (cal/g-°C) 




Melting Point (°C) 




Boiling Point (°C) 
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(Surface Area (m 3 /g) j 


Thermal Conductivity @20°C (cal/s-cm-°C) 




Mohs Hardness @20°C 




pH 


Crystal Structure 


Cubic 


Color 





tungsten nitride targets, WN2, WN, tungsten nitride powder,tungsten nitride targets, WN2, WN, tungsten nitride powder 

• Ty pical A p plications: 

Tungsten nitride (WN) is another film used for conductive layers or barrier 
layers within integrated circuit manufacturing. Its use is not as common as pure 
tungsten films or titanium nitride films but appears to have much promise in the 
future as geometries shrink. It provides compatibility for applications using 
barriers in layers of W/WN and WSi x / WN. 

• Packa ging O ptions : 

Bags, drums and bulk bags 

• TSCA (SARA Title IIP Status : 

Yes. For further information please call the U.S. Environmental Protection 
Agency at 1.202.554.1404 

• Chemical Abstract Service Number : 

TBA 

• UN Number : 

TBA 
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